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We investigated the process of a bromination reaction of malonic acid and methylmalonic acid in the
Belousov-Zhabotinsky reaction by using a quartz crystal microbalance (QCM). The process involves an
enolization reaction as a rate-determining step. We found that, in the step, the variation of Br2 con-
centration induced an exactly quantitative shift of a resonant frequency of the QCM, based on the change
of the surface mass on the QCM and the solution viscosity and density. This new ﬁnding enabled us to
estimate the reaction rate constants and the thermodynamic parameters of the enolization reaction due
to a QCM measurement. The values measured by the QCM were in good agreement with those measured
by a UV-spectrophotometer. As a result, we succeeded to develop a new measurement method of a
nonlinear chemical reaction.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
A quartz crystal microbalance (QCM) has been employed as a
transducer of a surface mass and/or a solution viscosity and density
into an electric signal [1e8]. This signal is measured as a resonant-
frequency shift of a quartz crystal oscillation.
A small amount of mass deposited on the surface of the QCM
leads to its resonant-frequency shift. In other words, a mass change
of order of subnanogram can be detected by the measurement of
the resonant-frequency shift. The relationship between the surface
mass change, Dm, and the resonant-frequency shift of the QCM is
described by the Sauerbrey equation [1]:
Dfm ¼ 
2f 2q
A
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rqmq
p Dm (1)
where Dfm is the resonant-frequency shift due to Dm, fq is the
fundamental resonant frequency of quartz crystal, mq is the shear
modulus of quartz crystal, rq is the density of quartz crystal, A is the. Yoshimoto).
B.V. This is an open access article upiezoelectrically active area. This property enables us to take
advantage of the QCM as mass sensors of rigid materials [5,6].
On the other hand, to avoid in a liquid the large loss in a quality
factor leading to instability and even cessation of oscillation, the
QCM is operated with the one face in contact with a solution. For a
Newtonian liquid, the equation derived by Kanazawa and Gordon
predicts a linear relationship between the resonant-frequency shift
and the square root of the densityeviscosity product [2,3]:
Dfh ¼ 
f 3=2qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
prqmq
p ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃr1h1p (2)
where Dfh is the resonant-frequency shift due to a solution viscosity
and density, h1 is the viscosity of a liquid, and r1 is the density of a
liquid. The relationship is applied to electrolytic solutions except for
an intercept generated by deposition of electrolytes [9].
Therefore, when the QCM is used in an aqueous environment,
both of a surface mass and a solution viscosity and density give rise
to a resonant-frequency shift, DF, of the QCM [3e6]. That is, DF is
given by
DF ¼ Dfm þ Dfh (3)nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the most famous oscillating chemical reactions [10,11]. The BZ re-
action exhibits a wide variety of nonlinear phenomena, e.g., mul-
tistability, periodicity, multiperiodicity or deterministic chaos.
Generally, nonlinear phenomena of the BZ reaction have been
monitored by variation of redox potential or absorbance. In such
situation, we have found that the oscillation of the BZ reaction was
detected by DF [12,13].
In an initial reaction of the BZ reaction, bromomalonic acid is
produced by bromination of malonic acid. In the reaction, a rate-
determining step is an enolization reaction of malonic acid. The
several papers have reported the rate constants and the thermo-
dynamic parameters of the enolization reaction of malonic acid and
its derivatives (methylmalonic acid and ethylmalonic acid). How-
ever, those were estimated only by conventional methods of a UV-
spectrophotometer or a NMR [14e18]. Therefore, in this paper, we
propose a new measurement method of the rate constants and the
thermodynamic parameters by detection of DF of the QCM. Here,
we used malonic acid and methylmalonic acid. This attempt shows
a new ﬁeld for the study of the chemical reaction with a nonlinear
oscillation.
2. Experimental
2.1. Materials
Malonic acid (MA) (NAKARAI Tesque, Ltd., Japan), methyl-
malonic acid (MeMA), NaBrO3, H2SO4, FeSO4$7H2O, KBr (WAKO
Pure Chemical Industries, Ltd., Japan) and O-phenanthroline$H2O
(DOJINDO, Japan) were of commercial analytical grade and were
used without further puriﬁcation. Water was puriﬁed by a Milli-Q
apparatus (Millipore, Japan) and was deaerated before experi-
ments. A bromine solution of 0.05 M (WAKO Pure Chemical In-
dustries, Ltd., Japan) was also used for calibration curve.
2.2. QCM measurement
The schematic diagram of an experimental setup is illustrated in
Fig. 1a. The enolization reaction was performed using 30 ml solu-
tion in a batch reactor (31 mm in diameter and 46 mm in depth).
The batch reactor was covered with water jacket and the temper-
atures were controlled with accuracy of ±0.1 C.
In order to monitor DF of the QCM due to the enolization reac-
tion of MA and MeMA, a 9 MHz AT-cut QCM (SEIKO EG & G, Ltd.,Fig. 1. (a) Schematic illustration of an experimental apparatus. (b) ScheJapan) was employed. The QCM had the conﬁguration of round of
8 mm diameter and a pair of the round platinum electrodes of
5 mm diameter (Fig. 1b). The QCM was connected to a series
resonant TTL circuit (SEIKO EG&G QCA917-21, Japan), which caused
the QCM to oscillate at the resonant frequency near 9 MHz. The TTL
circuit was powered from a 5 V dc supply. DF was monitored by a
universal frequency counter (Agilent technologies 53131A). The
data was recorded in a PC with sampling time of 0.1 s.
In the present experiments, the one side of the QCM was sealed
with a blank quartz crystal casing (Fig. 1b), maintaining it in an air
environment, while the other side was contacted with a reaction
solution. This casing is essential for the frequency stability of the
QCM in an ionic solution. The one-face sealed QCM was vertically
immersed into the reaction solution (Fig. 1a). The mixing levels of
the solution were controlled using a stirrer bar (20 mm in length
and 5 mm in diameter) and a magnetic stirrer. A stirring rate was
kept constant at 300 rpm.2.3. UV-spectrophotometer measurement
A shift of [Br2] was measured at l ¼ 393 nm by using a UV-
spectrophotometer (Hitach High-Technologies U-1900, Japan). A
reaction cell with an optical phat length of 1 cm was used. Tem-
peratures were controlled with accuracy of ±0.2 C and a stirring
rate was kept constant at 300 rpm (6 mm in length and 1.5 mm in
diameter). A sampling time was set at the range from 0.5 to 2 s
depending on awhole measurement time. The solution systemwas
the same as that of the QCM measurement.3. Results and discussion
3.1. Chemical reaction
Bromination of MA occurs by way of the enolization reaction
[15e18].
ðCOOHÞ  CH2  ðCOOHÞ ðketo formÞ !k1)
k1
ðCOOHÞ  CH
¼ CðOHÞ2 ðenol formÞ
(R1)matic illustration of a one-face sealed quartz crystal microbalance.
M. Yoshimoto et al. / Analytical Chemistry Research 8 (2016) 9e15 11ðCOOHÞ  CH ¼ CðOHÞ2 þ Br2 !k2 ðCOOHÞ  CHBr  ðCOOHÞ
þ Hþ þ Br
(R2)
R1 (enolization reaction) is a rate-determining step. In this pa-
per, our aim is to determine the rate constant k1 and the thermo-
dynamic parameters (activation energy, Ea, enthalpy, DH, Gibbs free
energy, DG, and entropy, DS) of R1 by using the QCM. In MeMA, the
parts of MA for R1 and R2 are only replaced by MeMA.
The conventional BZ reaction is composed of Ce(IV), BrO3, MA
and H2SO4. In this system, Br2 is generated from BrO3 and Br, and
reacts with MA. Therefore, in this paper, we yielded Br2 by addition
of KBr according to the following reaction, and brominated MA or
MeMA [15e18].
BrO3 þ 5Br þ 6Hþ/3Br2 þ 3H2O (R3)
The reaction rate of R3 is more than ten times that of R1 [13].
Therefore, we investigated the enolization reaction due to addition
of KBr into the system of MA or MeMA, NaBrO3 and H2SO4. In the
present experiments, we employed the system of [MA]0 or
[MeMA]0 ¼ 0.016 M, [NaBrO3]0 ¼ 0.015 M, [H2SO4]0 ¼ 1.0 M and
[KBr]0 ¼ 0.003 M, where the subscript 0 means an initial
concentration.3.2. DF in enolization reaction
In the present system of the enolization reaction of MA and
MeMA, it is likely that the resonant-frequency shift of the QCMwas
affected by changes of the surface mass and the solution viscosity
and density [12,13,19]. That is, Dfm was brought about by the
adsorption of Br2 onto a QCM platinum electrode, and Dfh was
generated by the change of [Br2]. Therefore, the rate constants and
the thermodynamic parameters were estimated by the measure-
ment of DF. In a next section, we show that DF is mainly caused by
the adsorption of Br2.3.3. Relationship between DF and [Br2]
Firstly, we investigated the relationship between absorbance
and [Br2] by using the UV-spectrophotometer, where the bromine
solutionwas prepared from that of 0.05 M. The results are shown in
Fig. S1a (see supplementary data). Fig. S1a shows that the absor-
bance linearly changes against [Br2], where the slope is 50.3 Abs/M.
On the other hand, when Br2 was prepared according to R3 by
addition of KBr, the relationship between absorbance and [KBr] is
linear and the slope is 29.9 Abs/M (Fig. S1b). R3 means that the
conversion efﬁciency of KBr to Br2 is 0.6. From the experimental
results of the UV-spectrophotometer, we can get the value of 29.9/
50.3 ¼ 0.59. That is, the result shows that the reaction of R3
completely takes place.
Next, we examined the relationship between DF and [Br2] by
using the QCM, where the bromine solutionwas prepared from that
of 0.05 M. The result of 25 C is illustrated in Fig. 2. Fig. 2a shows
that DF linearly changes against [Br2], where the slope is 5052.4 Hz/
M. That is, the relationship between DF and [Br2] is given by
DF ¼ 5052:4½Br2 (4)
Fig. 2b shows the relationship between DF and [KBr]. DF linearly
varies against [KBr] and the slope is 3054.7 Hz/M. From the
experimental results of the QCM, we can obtain the value of 3054.7/
5052.4 ¼ 0.60. That is, the result shows that the QCM method can
exactly measure [Br2].The relationship of Fig. 2 was the same in 20, 25, 30 and 35 C.
That is, in the present system, DF was independent of the tem-
peratures. The fact suggests that, in the present system, DF was
independent of the viscosity and density of the liquids sensitively
depending on the temperatures. In other words, it was likely that
the QCMmeasured mainly the mass of Br2 absorbed on the surface
of the QCM.3.4. Determination of the rate constants of the MA and the MeMA
enolization reaction
The bromination of MA can be written in terms of [Br2] disap-
pearance from R2 [15,18].
d½Br2
dt
¼ k2½ENOL½Br2 (5)
where [ENOL] is the concentration of enol form of MA. From R1 and
R2, the reaction rate of the enolization reaction of MA is described
by
d½ENOL
dt
¼ k1½MA  k1½ENOL  k2½ENOL½Br2 (6)
Here, we use the steady state approximation:
d½ENOL
dt
z0 (7)
Moreover, the approximation of [MA] z [MA]0 and k2 >> k1
leads Eq. (6) to
½ENOL ¼ k1½MA0
k1 þ k2½Br2
(8)
Substituting Eq. (8) into Eq. (5) gives
d½Br2
dt
¼ k1k2½Br2½MA0
k1 þ k2½Br2
(9)
Finally, in our experimental condition, the approximation of
k2[Br2] » k1 is adequate. Therefore, we can get the operative
equation to calculate the enolization constant, k1:
d½Br2
dt
¼ k1½MA0 (10)
Eq. (10) means a pseudo zero order kinetics. That is, we can
estimate the value of k1 from the linear time series of [Br2]. On the
other hand, in the case of MeMA, the parts of MA are only replaced
by MeMA in the equations described above.
In order to estimate Ea, DH, DG and DS for the enolization re-
action of MA and MeMA, we investigated k1 at 20, 25, 30 and 35 C.
Figs. 3 and 4 show the time series of DF in the enolization reaction
of MA and MeMA at each temperature, respectively. In all cases, the
time series linearly vary after sharp shift by the KBr addition into
the reaction system. The slopes of the liner shift are related to k1.
That is, the values of k1 can be calculated by substituting the slope
(d½Br2dt ¼  15052:4 dDFdt from Eq. (4)) into Eq. (10). Fig. 5 shows k1 against
temperature in Kelvin, T.3.5. Determination of the thermodynamic parameters in MA and
MeMA enolization reaction
We can estimate DG of the enolization reaction from k1 [15,20].
Fig. 2. DF against [Br2] and [KBr]. (a) Br2 solution with 1 M H2SO4. (b) KBr solution with 1 M H2SO4 and 0.28 M NaBrO3. The temperature was set at 25 C. The dashed line shows the
value calculated by least-square method. The measurements were repeated three times. The error bar represents standard deviation. The relationship was the same at the tem-
peratures of 20, 30 and 35 C.
Fig. 3. Time series of DF in MA at different temperatures. (a) 20 C; slope of the linear part ¼ 0.073 Hz/s. (b) 25 C; slope of the linear part ¼ 0.090 Hz/s. (c) 30 C; slope of the linear
part ¼ 0.20 Hz/s. (d) 35 C; slope of the linear part ¼ 0.28 Hz/s. KBr was added at an arrow point. The dashed line indicates the slope calculated by least-square method.
M. Yoshimoto et al. / Analytical Chemistry Research 8 (2016) 9e1512DG ¼ RT ln Keq…

Keq ¼ k1hkBT

(11)
where h is Planck's constant and kB is Boltzmann constant. Ea can be
calculated by Arrhenius plot of ln k1 vs T1 on the basis of thefollowing equation [15,20].
ln k1 ¼ ln A
Ea
RT
(12)
where A is a pre-exponential factor and R is a gas constant. That is,
Fig. 4. Time series of DF in MeMA at different temperatures. (a) 20 C; slope of the linear part ¼ 0.020 Hz/s. (b) 25 C; slope of the linear part ¼ 0.033 Hz/s. (c) 30 C; slope of the
linear part ¼ 0.050 Hz/s. (d) 35 C; slope of the linear part ¼ 0.062 Hz/s. KBr was added at an arrow point. The dashed line indicates the slope calculated by least-square method.
Fig. 5. k1 against T. (a) MA. (b) MeMA. The error bar represents standard deviation.
M. Yoshimoto et al. / Analytical Chemistry Research 8 (2016) 9e15 13we can obtain the Arrhenius plot from Fig. 5. Fig. 6 shows the
Arrhenius plots of MA and MeMA estimated from Fig. 5. The results
indicate liner dependence giving the slope of Ea/R. We can esti-
mate Ea from the slope calculated by a least-square method. Sub-
sequently, using Ea, we can obtain DH as follows [15,20]:DH ¼ Ea  RT (13)
Finally, DS can be calculated from Refs. [15,20].
DS ¼ DH  DG
T
(14)
The values of thermodynamic parameters of MA and MeMA
Fig. 6. Arrhenius plot of ln k1 against T1. (a) MA. (b) MeMA. The dashed line shows the value calculated by least-square method. The error bar represents standard deviation.
Table 2
Thermodynamic parameters Ea, DH, DG and DS for the enolization reaction of
malonic acid (MA) and methylmalonic acid (MeMA) estimated from the data of the
UV-spectrophotometer.
MA MeMA
DG/kJ mol1 87.1 90.4
Ea/kJ mol1 67.2 61.1
DH/kJ mol1 64.7 58.6
DS/J K1 mol1 75.2 106.6
M. Yoshimoto et al. / Analytical Chemistry Research 8 (2016) 9e1514calculated on the basis of Eqs. (11)e(14) are listed in Tables 1 and 2,
respectively.
3.6. Comparison between data of the UV-Spectrophotometer and
the QCM
We investigated k1, Ea, DH, DG and DS of the enolization reaction
of MA and MeMA by using the UV-spectrophotometer. The data of
time series (Figs. S2 and S3), k1 against T and Arrhenius plot of ln k1
against T1 (Fig. S4) are shown in Supplementary data. The values
of Ea, DH, DG and DS of the enolization reaction for MA and MeMA
are listed in Table 2. The values are the same as those of the pre-
vious paper [15].
The comparison between Tables 1 and 2 shows that the ther-
modynamic parameters calculated from the QCM data is exactly
equal to those of the UV-spectrophotometer. Therefore, we
conclude that the QCM method is useful for the analysis of the rate
constants and the thermodynamic parameters.
4. Conclusions
In this paper, we studied the rate constants and the thermo-
dynamic parameters of the enolization reaction of MA and MeMA
by using the QCM. As a result, the values calculated from the QCM
data were exactly the same as those of the UV-spectrophotometer.
The results of the present paper show that the QCM method can
exactly estimate the values of the rate constants and the thermo-
dynamic parameters of the enolization reaction of MA and MeMA.
The QCM method may be useful for other investigation of the
nonlinear phenomena of the BZ reaction.
The QCM method can measure the changes of the interfacial
mass and/or the solution viscosity and density. Therefore, the QCM
methodmay be applied to the nonlinear chemical system unable to
be measured by conventional methods, and as such, may develop a
new ﬁeld for the study of the chemical reaction with the nonlinear
oscillation.Table 1
Thermodynamic parameters Ea, DH, DG and DS for the enolization reaction of
malonic acid (MA) and methylmalonic acid (MeMA) estimated from the QCM data.
MA MeMA
DG/kJ mol1 87.7 90.7
Ea/kJ mol1 67.3 59.5
DH/kJ mol1 64.8 57.0
DS/J K1 mol1 77.0 113.0Conﬂict of interest
None.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.ancr.2016.03.002.
References
[1] G. Sauerbrey, Verwendung von Schwinquarzenzur Wagung dunner Schichten
und zur Mikrowangung, Z. Phys. 155 (1956) 206e222.
[2] K.K. Kanazawa, J.G. Gordon II, The Oscillation frequency of a quartz resonator
in contact with a liquid, Anal. Chim. Acta 175 (1985) 99e105.
[3] D.A. Buttry, M.D. Ward, Measurement of interfacial processes at electrode
surfaces with the electrochemical quartz crystal microbalance, Chem. Rev. 92
(1992) 1355e1379.
[4] A. Janshoff, H.-J. Galla, C. Steinem, Piezoelectric mass-sensing devices as bio-
sensors - an alternative to optical biosensors? Angew. Chem. Int. Ed. 39 (2000)
4004e4032.
[5] A. Arnau, Piezoelectric Transducers and Applications, Springer, Belrin, 2008.
[6] C. Steinem, A. Janshoff, Piezoelectric Sensors, Springer, Belrin, 2007.
[7] M.V. Voinova, M. Rodahl, M. Jonson, B. Kasemo, Viscoelastic acoustic response
of layered polymer ﬁlms at ﬂuid-solid interfaces: continuum mechanics
approach, Phys. Scr. 59 (1999) 391e396.
[8] J.A. Goode, J.V.H. Rushworth, P.A. Millner, Biosensor regeneration: a review of
common techniques and outcomes, Langmuir 31 (2015) 6267e6276.
[9] M. Yoshimoto, T. Tokimura, S. Kurosawa, Characteristics of a series resonant-
frequency shift of a quartz crystal microbalance in electrolyte solutions, An-
alyst 131 (2006) 1175e1182.
[10] R.J. Field, M. Burger, Oscillation and Traveling Waves in Chemical Systems,
John Wiley & Sons, New York, 1984.
[11] S.T. Scott, Chemical Chaos, Oxford University Press, Oxford, 1991.
[12] M. Yoshimoto, H. Shirahama, S. Kurosawa, M. Naito, Periodic change of vis-
cosity and density in an oscillating chemical reaction, J. Chem. Phys. 120
(2004) 7067e7070.
[13] M. Yoshimoto, T. Matsunaga, H. Aizawa, S. Kurosawa, Determination of rate
constant for enolization reaction of malonic acid by using quartz crystal mi-
crobalance, Bunseki Kagaku 61 (2012) 863e867.
[14] L. Treindl, P. Ruoff, P.O. Kvernberg, Inﬂuence of oxygen and organic substrate
on oscillations and autocatalysis in the Belousov-Zhabotinsky reaction, J. Phys.
M. Yoshimoto et al. / Analytical Chemistry Research 8 (2016) 9e15 15Chem. A 101 (1997) 4606e4612.
[15] T. Taguchi, E. Nakano, Kinetic study of bromination of malonic acid, methyl
malonic acid, and ethyl malonic acid: an undergraduate physical chemistry
laboratory experiment for understanding the inﬂuence of the thermodynamic
parameter on chemical kinetics, Chem. Ed. J. 3 (1999) 1e19.
[16] A. Sirimungkala, H.-D. F€orsterling, V. Dlask, R.J. Field, Bromination reactions
important in the mechanism of the Belousov-Zhabotinsky system, J. Phys.
Chem. A 103 (1999) 1038e1043.[17] A. Cadena, N. Perez, J.A. Agreda, D. Barragan, Understanding the induction
period of the Belousov-Zhabotinsky reaction, J. Braz. Chem. Soc. 16 (2005)
214e219.
[18] F. Rossi, M. Rustici, C. Rossi, E. Tiezzi, Isotopic effect on the kinetics of the
Belousov-Zhabotinsky reaction, Int. J. Mol. Sci. 8 (2007) 943e949.
[19] S. Tanaka, S.-H. Yau, K. Itaya, In-situ scanning tunneling microscopy of
bromine adlayers on Pt(111), J. Electroanal. Chem. 396 (1995) 125e130.
[20] K.J. Laidler, Chemical Kinetics, third ed., Harper Collins, New York, 1987.
